Introduction
The catalytic gasification of carbonaceous feedstocks such as heavy distillates of petroleum, tar sand bitumen, and shale oil is a potential route to produce useful gaseous products such as hydrogen, syngas, and fuel gas. In the previous studies1), 2 Analytical procedures were the same as those previously reported3),5). The temperature-programmed desorption (TPD) of benzene adsorbed on MgO (BE) was measured as follows.
An amount of MgO (BE) weighing 0.5g was heated to 1,173K at a rate of 10Kmin-1 and maintained at that temperature for 2h in flowing He. After pretreatment, MgO(BE) was exposed to 76kPa of benzene or to a mixture of 76kPa of O2 and 76kPa of benzene at 673K for 0.5h and then evacuated at that temperature for 0.5h. TPD measurements were carried out at a heating rate of 10Kmin-1 up to 1,173K in flowing and the pressure of He was 76kPa.
Part of the outlet gas was introduced into a mass spectrometer (NEVA TE-600).
The sensitivity of the spectrometer was normalized by using 1,020ppm of Ar involved in the He carrier.
Results and Discussion
Reaction products in the benzene-O2 reaction catalyzed by MgO(BE) comprised of CO, CO2, H2O, H2, biphenyl, and trace amounts of C1-C4 hydrocarbons. MgO(BE), which is the most active catalyst among the alkaline earth metal oxides for the benzene-and hexane-CO2 reactmions3)-5), was prominently effective for the benzene-O2 reaction among the alkaline earth metal oxide catalysts tested. Both catalysts containing 5wt% of nickel metal showed higher activities for producing CO, C O2, H2, and H2O without the formation of biphenyl.
We compared the stability of catalytic activity between MgO(BE) and Ni(5wt%)/Al2O3. Figure 1 shows the variation in the yield of carbon oxides and in the CO selectivity, i.e., the molar fractions of CO in carbon oxides with time-on-stream at 873K. MgO(BE) showed a stable catalytic activity and CO selectivity, whereas Ni/Al2O3 was deactivated.
As no CO and CO2 were formed when both of these catalysts were treated with oxygen after 3h of run, carbon deposition was not important in the course of the benzene-O2 reaction. It was ascertained that the nickel catalyst by the lattice oxygen of MgO above 973K in the absence of oxygen in the gas phase, whereas oxygen species adsorbed on the catalyst surface is capable of activating benzene, leading to the initiation of the benzene-O2 reaction at lower temperatures.
Figures 3(a) and (b) show TPD spectra for benzene adsorbed on MgO(BE) at 673K in the absence and in the presence of O2, respectively. When benzene was adsorbed on MgO(BE) in the absence of O2 after heat treatment in vacuo at 1,173K, the desorption peaks of CO (m/e=28) and CO2 (m/e=44) were observed at temperatures above 500 and 670K, respectively, with a broad desorption peak of benzene (m/e=77) over the whole temperature range. These results indicated that benzene adsorbed on MgO(BE) appeared to partly react with lattice oxygen to give CO and CO2. On the other hand, as shown in Fig. 3(b) , when benzene was adsorbed on MgO(BE) in the presence of O2, the desorbed amount of benzene was significantly increased.
In addition, CO2 started to desorb at around 420K and the amount desorbed markedly increased. These results suggest that the adsorbed oxygen species works as the active site for adsorption of benzene and possesses higher activity for oxidation of benzene than the lattice oxygen. The benzene-O2 reaction was carried out at 873K on MgO(BE), alkaline earth-promoted MgO,
Open symbols, MgO(BE) catalyst; closed symbols, Ni/Al2O3 catalyst. Figure 4 shows the variation in the CO selectivity with the yield of carbon oxides. The CO selectivities of Ni/MgO and Ni/Al2O3 were overlapped and they approached to zero with decreasing yield of carbon oxides. Therefore, one can conclude that in the first stage of the benzene-O2 reaction on nickel catalysts, combustion of benzene to give CO2 occurs solely. On the other hand, the CO selectivity of MgO(BE) was extrapolated to about 0.4 at 0% yield of carbon oxides. This result indicated that both CO and CO2 were concurrently formed via the reaction of benzene with O2 in the initial stage of reaction. This is the feature of MgO catalysts to be most emphasized.
As shown in Fig. 4 Formation of CO Figure 5 shows the variation in H2 selectivity, i.e., the molar fraction of H2 in (H2+H2O), with the yield of carbon oxides.
In the case of catalysts based on MgO, the initial H2 selectivity was found to be zero, suggesting that no H2 was formed via partial oxidation of benzene in the first stage. Similarly, the H2 selectivity of Ni catalysts reached zero at around 10% yield of carbon oxides, being in agreement with the conclusion that only combustion is the initial reaction on these catalysts.
We shall consider the reactions involved in the benzene-O2 reaction system on MgO catalysts. As discussed above, CO2 and CO were concurrently formed via reactions 1 and 6, respectively.
Reacbenzene (m/e=77, -) were monitored. tions 5 and 9 can he ruled out since no carbon was formed on these catalysts. Reactions 4, 7, and 8 proceeded at temperatures above 973K as previously reported5). Accordingly, we consider that CO is consumed via reactions 2 and/or 3 at 873K, leading to the decrease in the CO selectivity with increasing yield of carbon oxides. It is apparent from the results shown in Figs. 4 and 5 that reaction 3 is involved in the benzene-O2 reaction system to produce H2 and CO2. As the amount of CO consumed by reaction 3 should be numerically equal to that of H2 formed, the amount of CO formed via reaction 6 could be calculated by summing up the amounts of CO and H2 observed. Then, we can estimate the modified CO selectivity, (CO+H2)/(CO+CO2), which represents the molar ratio of CO formed via reaction 6 to CO2 via reaction 1. Figure 6 shows the modified CO selectivity as a function of the yield of carbon oxides.
The modified CO selectivity of MgO catalysts was independent of the yield of carbon Table  2 compares the composition of product gases experimentally determined with that calculated by assuming the equilibrium of reaction 3.
As equilibrium of reaction 3 is independent of pressure, the molar fractions of the gases involved in reaction 3 were normalized for simplicity in such a way that the sum of the partial pressures of CO, CO2, H2, and H2O would be unity. The The CO2 and H2O produced successively gasify the unreacted benzene to give mainly CO and H2. At high conversion levels, the composition of product gases attains the water-gas shift equilibrium. Dependency of the rates of CO and CO2 formation on the partial pressures of O2 and benzene was measured with MgO(BE) at 823K, under the conditions where the conversion levels of O2 and benzene were kept less than 10%. The partial pressures of benzene and O2 were varied in the ranges of 0.5-5 and 1-5kPa, respectively. The time factor was defined by W/F, where W is the weight of catalyst, and F is the flow rate of benzene.
As the selectivity to CO was almost unchanged at less than 10% yield of carbon oxides, we considered that the consumption of CO by the water-gas shift reaction was negligible. The following rate equations were obtained by using the nonlinear least squares method:
where PB represents the partial pressure of benzene and PO2 the partial pressure of O2.
As shown in Eqs. (1) and (2), the rates of CO and CO2 production were approximately of the zeroth order with respect to the pressure of benzene, and approximately 0.5th to that of oxygen. These results would be interpreted that benzene was adsorbed on the catalyst surface and the oxygen molecules might have dissociated on the surface.
It should be noted that CO oxidation did not proceed in the benzene-O2 reaction system as described above. It has generally been shown9),10), however, that MgO catalyzes CO oxidation with O 2 at considerably lower temperatures, e. g. 434K, than the reaction temperature of this study. Thus, we were prompted to perform CO oxidation on MgO(BE) in the absence of benzene at 873K. The partial pressures of CO and O2 were 6.1 and 3.0kPa, respectively, and W/F was 200g-cat. min mol-CO-1.
It was independently confirmed that CO was not consumed in the noncatalytic reaction at 873K.
As the level of CO conversion after 15min on stream was 9.38% on MgO(BE), MgO (BE) apparently catalyzes CO oxidation with O2.
Judging from Eqs. (1) and (2), it could be assumed that CO oxidation with O2 was inhibited by preferential adsorption of benzene on the surface oxygen species active for oxidation.
In order to ascertain this assumption, CO was introduced at a given flow rate into the benzene-O2 reaction system. The results are shown in Fig. 8 Fig. 8(a) , the CO introduced in the course of the benzene-O2 reaction should increase the level of O 2 conversion by about 18%, since the partial pressures of CO and O2 and W/F for CO were the same as those employed in the CO oxidation with O 2 described above. However, it is apparent from the results shown in Figs. 8(a) and (b) that no appreciable increase in the level of O2 conversion was observed.
These results are considered to be evidence for the inhibition of CO oxidation by preferential adsorption of benzene. 
